We hypothesized that resuscitation with 100% O 2 compared with 21% O 2 is detrimental to pulmonary tissue. The pulmonary injury was assessed by matrix metalloproteinase (MMP) activity, oxidative stress, IL-8, and histology 2.5 h after resuscitation from a hypoxic state. In pulmonary tissue extracts, MMP activity was analyzed by broad matrix-degrading capacity (total MMP) and zymography. MMP-2 mRNA expression was evaluated by quantitative real-time PCR. Total endogenous antioxidant capacity was measured by the oxygen radical absorbance capacity (ORAC) assay, and IL-8 was analyzed by ELISA technique. In bronchoalveolar lavage (BAL) fluid, MMPs were analyzed by zymography. In pulmonary tissue, pro-and active MMP-2 levels were increased in piglets that were resuscitated with 100% O 2 compared with 21% O 2 . Pro-MMP-9, total MMP activity, and MMP-2 mRNA levels were significantly increased in resuscitated piglets compared with baseline. Net gelatinolytic activity increased in submucosa and blood vessels after 100% O 2 and only in the blood vessels after 21% O 2 . Compared with baseline, ORAC values were considerably lowered in the resuscitated piglets and significantly reduced in the 100% O 2 versus 21% O 2 group. In BAL fluid, both pro-MMP-9 and pro-MMP-2 increased 2-fold in the 100% O 2 group compared with 21% O 2 . Moreover, IL-8 concentration increased significantly in piglets that were resuscitated with 100% O 2 compared with 21% O 2 , suggesting a marked proinflammatory response in the pulmonary tissue. Altogether, these data strongly suggest that caution must be taken when applying pure O 2 to the newborn infant. Traditionally, asphyxiated newborn infants have been resuscitated with 100% O 2 . This recommendation is based mainly on precedent rather than sound evidence. Hyperoxia leads to generation of O 2 free radicals, which have a role in reperfusion injury after asphyxia (1). Naturally, the lung is exposed directly to the highest partial pressure of inspired O 2 , and pulmonary damage, as a result of O 2 exposure, is a serious clinical complication in infants who require high levels of O 2 as treatment (2). It is important not only to provide adequate O 2 consumption in organs but also to prevent further tissue damage during resuscitation caused by reoxygenation injury or O 2 toxicity. This might be achieved by lowering the O 2 concentration during resuscitation. There is therefore an ongoing debate whether to use 21% or 100% O 2 in neonatal resuscitation (3).
We hypothesized that resuscitation with 100% O 2 compared with 21% O 2 is detrimental to pulmonary tissue. The pulmonary injury was assessed by matrix metalloproteinase (MMP) activity, oxidative stress, IL-8, and histology 2.5 h after resuscitation from a hypoxic state. In pulmonary tissue extracts, MMP activity was analyzed by broad matrix-degrading capacity (total MMP) and zymography. MMP-2 mRNA expression was evaluated by quantitative real-time PCR. Total endogenous antioxidant capacity was measured by the oxygen radical absorbance capacity (ORAC) assay, and IL-8 was analyzed by ELISA technique. In bronchoalveolar lavage (BAL) fluid, MMPs were analyzed by zymography. In pulmonary tissue, pro-and active MMP-2 levels were increased in piglets that were resuscitated with 100% O 2 compared with 21% O 2 . Pro-MMP-9, total MMP activity, and MMP-2 mRNA levels were significantly increased in resuscitated piglets compared with baseline. Net gelatinolytic activity increased in submucosa and blood vessels after 100% O 2 and only in the blood vessels after 21% O 2 . Compared with baseline, ORAC values were considerably lowered in the resuscitated piglets and significantly reduced in the 100% O 2 versus 21% O 2 group. In BAL fluid, both pro-MMP-9 and pro-MMP-2 increased 2-fold in the 100% O 2 group compared with 21% O 2 . Moreover, IL-8 concentration increased significantly in piglets that were resuscitated with 100% O 2 compared with 21% O 2 , suggesting a marked proinflammatory response in the pulmonary tissue. Altogether, these data strongly suggest that caution must be taken when applying pure O 2 to the newborn infant. Traditionally, asphyxiated newborn infants have been resuscitated with 100% O 2 . This recommendation is based mainly on precedent rather than sound evidence. Hyperoxia leads to generation of O 2 free radicals, which have a role in reperfusion injury after asphyxia (1) . Naturally, the lung is exposed directly to the highest partial pressure of inspired O 2 , and pulmonary damage, as a result of O 2 exposure, is a serious clinical complication in infants who require high levels of O 2 as treatment (2) . It is important not only to provide adequate O 2 consumption in organs but also to prevent further tissue damage during resuscitation caused by reoxygenation injury or O 2 toxicity. This might be achieved by lowering the O 2 concentration during resuscitation. There is therefore an ongoing debate whether to use 21% or 100% O 2 in neonatal resuscitation (3) .
Matrix metalloproteinases (MMPs) are involved in the pathogenesis of tissue inflammation and wound healing in lung injury (4, 5) . The role of oxidative stress and its toxic effects on lipids, as well as on disruption of extracellular matrix through up-regulation of MMPs, is well established (6,7). Reduced antioxidant capacity and low concentrations of tissue inhibitors of MMPs (TIMPs) seem to predispose the preterm infant to tissue damage (8) . Over expression of MMPs has been implicated in the pathogenesis of pulmonary diseases in premature infants (6) . One of the mechanisms of action of MMPs in the pathogenesis of tissue damage relies on the breakdown of constituents of the extracellular matrix. MMP-2 (72-kDa gelatinase or gelatinase A) is secreted mainly by noninflammatory cells as fibroblasts and endothelial and epithelial cells, whereas MMP-9 (92-kDa gelatinase or gelatinase B) is secreted by inflammatory cells such as neutrophils and monocytemacrophages (9) . The expression of MMPs is regulated by several factors, such as cytokines, growth factors, and extracellular matrix components (10) . Several studies have investigated the roles of these proteinases in acute lung injury. However, their precise contribution in the development of acute hyperoxic lung injury, including the relationship among MMPs, severity of disease, and pathologic changes, is still unclear (11) . MMPs play a role in the increased pulmonary permeability and inflammation after oxidative stress. MMP-2 and MMP-9 have a capacity to degrade gelatin, elastin, fibronectin, and type IV collagen, all of which are major structural components of the basal membrane (12) ; in addition, they proteolytically activate cytokines such as IL-8 (13) . Hyperoxia is also known to stimulate the alveolar macrophages to produce chemokines such as IL-8 into the alveolar space, which (11) up-regulates MMP-2 and MMP-9 production (14) . Overproduction of proinflammatory cytokines has been suggested to be a major factor associated with pulmonary damage. In vivo, IL-8 level is abundantly expressed in the lungs of animal models during O 2 injury (15) and in human premature infants who develop bronchopulmonary dysplasia (16, 17) .
Most previous studies have been carried out in cell lines or animals with few similarities with humans. Therefore, in the present study we investigated pulmonary changes in piglet, which resembles the human lung anatomically and immunologically (18, 19) . The main aim of this study was to explore whether resuscitation with 100% O 2 compared with ambient air increases the acute pulmonary damage after global hypoxia in a piglet model. Birth asphyxia is often associated with hypercapnia, and arterial carbon dioxide tension (PaCO 2 ) influences pulmonary circulation (20) . Consequently, we also investigated effects of different PaCO 2 levels during resuscitation.
METHODS
The Norwegian Council for Animal Research approved the experimental protocol. The animals were cared for and handled in accordance with the European Guidelines for Use of Experimental Animals.
Surgical preparation and anesthesia. Sixty-nine newborn anesthetized and tracheotomized Landrace pigs (12-36 h old) were included in the study. The piglets were anesthetized, ventilated, and surgically prepared as previously described (21) .
Experimental protocol. The animals were stabilized for 1 h after the initial procedures. Hypoxemia was achieved by ventilation with a gas mixture of 8% O 2 in N 2 until either mean arterial blood pressure decreased to 15 mm Hg or base excess (BE) reached Ϫ20 mM. CO 2 was added during hypoxemia at a PaCO 2 8.0 -9.5 kPa, aiming to imitate birth asphyxia. Before start of resuscitation, the piglets were block-randomized into six different groups. Resuscitation was performed for 30 min with either 21% O 2 (group A) or 100% O 2 (group B). Nine piglets, referred to as baseline pigs, were controls that went through surgery and 1 h of stabilization. Each main group A and B was further divided into three subgroups that were ventilated with low (A1 and B1), normal (A2 and B2), or high (A3 and B3) PCO 2 level during resuscitation. Subgroup 1 (A1 n ϭ 10/B1 n ϭ 10) were hyperventilated, (PaCO 2 2.0 -3.5 kPa). Subgroups 2 and 3 were ventilated in a normal ventilatory modus. In group 2 (A2 n ϭ 10/B2 n ϭ 10), PaCO 2 was 4.5-6.0 kPa. Subgroup 3 (A3 n ϭ 10/B3 n ϭ 10) had CO 2 added to reflect hypoventilation (PaCO 2 8.0 -9.5 kPa). For hyperventilating the piglets (group 1), peak inspiratory pressure and ventilatory rate were elevated and adjusted after evaluating end-tidal PCO 2 and blood gases. Furthermore, the piglets were reoxygenated for 150 min by 21% O 2 and normal PaCO 2 (4.5-6.0 kPa), which was the same for all of the groups. Bronchoalveolar (BAL) fluid was collected at baseline and at the end of the experiment by instillation of 1 mL/kg sterile saline into the endotracheal tube via a 5-F gauge feeding catheter that had been advanced through the endotracheal tube. The piglet was manually bagged three times, and the fluid was immediately re-aspirated and centrifuged at 3000 ϫ g for 5 min at room temperature, and the supernatant was aspirated and stored at Ϫ70°C for further analysis. At the end of the experiment, the piglets were given an i.v. overdose of 150 mg/kg pentobarbital. The left lung was immediately frozen on liquid nitrogen and stored at Ϫ70°C, and the right lung was stored in formalin.
Preparation of pulmonary tissue extracts. For zymography and total MMP activity, pulmonary tissue from the left lower lung lobe was pulverized under liquid nitrogen, and proteins were extracted using ice-cold lysis buffer [Tris-HC (pH 7.5) that contained 1% NP-40 and a protease inhibitor cocktail without EDTA] at a ratio of 500 L/50 mg wet weight tissue. Extracts of lung tissue were incubated on ice for 15 min and then centrifuged at 12,000 ϫ g for 15 min at 4°C. The supernatants were retained, and protein concentration of the samples was measured by BCA method (Pierce, Cheshire, UK). For the oxygen radical absorbance capacity (ORAC) assay, pulmonary tissue was pulverized under liquid nitrogen, and 50 mg of frozen material was added to 1.0 mL of ice-cold 75 mM K 2 HPO 4 /NaH 2 PO 4 phosphate buffer (pH 7.0). The tissue samples were homogenized using a Polytron (PT 1200; Kinematica AG, Lucerne, Switzerland) at speed 1 for 30 s under nitrogen flush and centrifuged at 16,000 ϫ g for 5 min at 4°C (Biofuge A; Hereaeus-Christ, Hanau, Germany). The pellet was resuspended in homogenization buffer and centrifuged as described above. The two supernatants were combined in a volumetric flask, filled up to 2.0 mL of total volume, and used for the ORAC assay.
Total MMP activity. Total MMP activity in tissue extracts was measured using a fluorogenic peptide substrate (cat no. ES001; R&D Systems, Minneapolis, MN) according to the protocol recommended by the manufacturer. The substrate can be cleaved by MMP-1, MMP-2, MMP-7, MMP-8, MMP-9, MMP-12, and MMP-13. The term "total MMP activity" refers to the total activity of these enzymes, and the activity is expressed by relative fluorogenic unit. Because of limited amount of tissue, data from nine animals were not obtained (three at baseline, three in groups A and B; baseline, n ϭ 5; A, n ϭ 27; and B, n ϭ 27).
Gelatin zymography. Equal amounts (10 g) of lung tissue and BAL fluid protein extracts were loaded onto the electrophoretic gel and assayed for gelatinase activity using 10% SDS-polyacrylamide gel (containing 0.1% gelatin), with minor modifications according to the methods described elsewhere (22) . Human MMP-2 and MMP-9 standards (CC073; Chemicon, Temecula, CA) were used. The gels were stained with Coomassie blue R-250 and subsequently destained before being scanned in an imager (Kodak Image Station 440CF, Rochester, NY). The images were analyzed using software from Total Lab v2.01 (Newcastle upon Tyne, UK). The results were calculated by densitometry, normalized to a sample used as an internal standard on every zymography run. When the gelatin gel was incubated with 200 M EDTA, no lysis zones were detected, demonstrating that the metal-dependent lysis zones were most likely the result of gelatinase activity (23) . Because of limited amount of tissue, data from five animals were not obtained (one at baseline, two in group A, and two in group B; baseline: n ϭ 8; A, n ϭ 28; B, n ϭ 28). BAL fluid analyses were performed on piglets in group A2 and B2. Because of the limited BAL fluid, data from one animal were not obtained in group A (group A, n ϭ 9; group B, n ϭ 10).
In situ zymography. In situ zymography was performed to localize net gelatinolytic activity in lung sections with a few modifications with respect to a method previously described in brain tissue (24) . Fresh frozen lung sections (40 m thick) were generated using a cryostat (Leica CM3050S, Nussloch, Germany). Nonfixed lung sections were incubated for 2 h at 37°C in a humid dark chamber in a reaction buffer that contained 0.5 M Tris-HCl, 1.5 M NaCl, 50 mM CaCl 2 , 2 mM sodium azide (pH 7.6), and 80 g/mL FITC-labeled DQ-gelatin (EnzCheck collagenase kit; Molecular Probes, Eugene, OR) that is intramolecularly quenched. After the incubation, tissue was fixed in 4% paraformaldehyde (Acros, Elancourt, France), incubated for 5 min with 0.5 g/mL Hoechst 33258 (Molecular Probes, Leiden, the Netherlands), and mounted in fluorescent mounting medium (Dako, Carpinteria, CA). Some sections were incubated with 1 mM phenanthrolene (Molecular Probes), a broad-spectrum MMP inhibitor. Samples were observed with a fluorescent 543 HYPEROXIC PULMONARY DAMAGE IN PIGLETS microscope (E800; Nikon, Champigny-sur-Marne, France) equipped with FITC and DAPI filters, and images were analyzed using a DXM 1200 camera and the Lucia software (Nikon). Gelatin-FITC cleavage by tissue gelatinases releases quenched fluorescence representative of net proteolytic activity. Sections incubated without DQ-gelatin were not fluorescent. We used five piglets per experimental group and analyzed three slices per animal.
Real-time quantitative reverse transcriptase-PCR. Real-time quantitative reverse transcriptase-PCR (RT-PCR) was done as previously described (21) . Total RNA was extracted from the tissue samples using Trizol (Invitrogen, San Diego, CA) and treated with DNase (cat no. M6101; Promega, Madison, WI). Reverse transcription was performed (cat no. N808-0234; Applied Biosystems, Foster City, CA) with 125 ng of RNA per 50 L of RT reaction. Quantification of mRNA was performed using the ABI Prism 7700 (Applied Biosystems). Sequence-specific PCR primers and TaqMan Probe for porcine MMP-2 was used (forward primer: 5'-GTG GTG CGT GTG AAG TAT GG-3'; reverse primer: 5'-GCC ATC CTT GTC GAA GTT GT-3'; TaqMan probe: FAM 5')-AGC TGT TAT ACT CCT TGC CGT T-TAMRA-3'). The housekeeping gene 18S (Applied Biosystems) was included as an endogenous normalization control to adjust for unequal amounts of RNA. Standard curves were run on the same plate, and the relative standard curve method was used to calculate the relative gene expression. Real-time quantitative RT-PCR was performed on samples from groups A2 and B2. Because of the limited amount of tissue, data from two animals were not obtained (one at baseline and one in group B; baseline, n ϭ 8; A, n ϭ 10; B, n ϭ 9).
ORAC assay. The antioxidant capacity of the pulmonary tissue extracts was determined by the ORAC assay (25) and modified for measurements on the Wallac 1420 VICTOR 2 96-well microplate reader (Perkin-Elmer Life and Analytical Sciences, Wallac Oy, Turku, Finland) (21, 26) . In this assay, a fluorescent protein ␤-phycoerythrin was used as an indicator, 2,2'-azobis (2-amidinopropane) dihydrochloride as the source for the peroxyl radicals, and Trolox (a water-soluble vitamin E analogue) as a control standard. The extent of protection against the peroxyl radicals by the antioxidants in the sample was measured every 2 min until the fluorescence was Ͻ5% of the initial reading. The fluorescence measurements were expressed relative to the initial reading. Results were calculated by using the area differences under the ␤-phycoerythrin decay curves between the blank and the sample. The final results (ORAC values) were calculated by linear regression of areas versus sample concentration and expressed as micromoles of Trolox equivalents (TE) per gram of pulmonary tissue (mol TE/g). Because of the limited amount of tissue, data from two animals were not obtained (one at baseline and one in group B; baseline, n ϭ 8; A, n ϭ 10; B, n ϭ 9).
IL-8 ELISA. Pulmonary tissue extracts were prepared as described above, and IL-8 was quantified according to protocols provided by the manufacturer (cytokines, R&D Systems; C-reactive protein, Tridelta Development LTD, Wicklow, Ireland). Because of the limited amount of tissue, data from six animals were not obtained (one at baseline, two in group A, and three in group B; baseline, n ϭ 8; A, n ϭ 8; B, n ϭ 7).
Pulmonary histology. Sections from formalin-fixed lung tissue from the right lower lung lobe were prepared and stained with hematoxylin and eosin according to standard histologic procedures. Slides were microscopically assessed for pathologic change. Only two types of changes were evident: capillary congestion and transudation of fluid into the alveolar spaces. Ten slides in the baseline group and each treatment category were reviewed, and the mean score Ϯ SEM was calculated. The changes were scored blindly on an arbitrary scale from 0 (no change) to 3 (severe) changes.
Statistics. Statistical analysis was performed by SPSS version 11 (SPSS Inc., Chicago, IL). For studying the relationship among MMP-2, MMP-9, total MMP-activity, IL-8, and histologic changes as dependent variables and O 2 and CO 2 as independent variables, univariate ANOVA was used. To accommodate for multiple comparisons, p values were adjusted according to Bonferroni. For comparing groups of continuous variables, independent sample t tests were used. The statistical analysis of the in situ zymography data was conducted by ANOVA followed by post hoc t test. All values are given as mean Ϯ SEM. A level of p Ͻ 0.05 was considered as statistically significant. The number of 10 piglets in each group was selected on the basis of a compromise between economic resources and the requirements for the statistical models proposed.
RESULTS

Piglets.
There were no significant differences between the groups with respect to body weight, age, sex, rectal temperature, or cardiovascular or biochemical variables at baseline. Characteristics of the hypoxic insult such as hypoxemia time, mean arterial blood pressure, base excess (BE), and pH were similar in the groups as previously reported (21) . There were no significant differences in any outcome measures or between different PaCO 2 levels; hence, the subgroups were combined.
Total MMP activity. Broad matrix degrading capacity was examined in pulmonary tissue to study whether any differences in total MMP activity could be seen between piglets at baseline and at the end of the experiment. Total MMP activity was significantly increased in group A and nearly 2-fold increased in group B compared with baseline. There were no significant differences between groups A and B (p ϭ 0.2; Fig. 1) .
Gelatinolytic activity. Gel zymography was applied on pulmonary tissue and BAL fluid to determine the activity of MMPs (Fig. 2) . Gelatinolytic activity was detected at 92, 72, and 62 kD, corresponding to pro-MMP-9, pro-MMP-2, and (Fig. 2) . In pulmonary tissue extracts, pro-MMP-9, pro-MMP-2, and active MMP-2 were significantly increased in the resuscitated groups compared with baseline (p Ͻ 0.001; Fig. 3 ). Pro-and active MMP-2 were markedly elevated in group B compared with group A (p Ͻ 0.005), whereas no significant differences between groups A and B were seen measuring pro-MMP-9 (Fig. 3) . In the BAL fluid, there was a 2-fold increase in pro-MMP-9 and pro-MMP-2 in group B compared with group A (p ϭ 0.001 and 0.021, respectively; Fig. 4) .
In situ zymography. In situ zymography was used to detect the cellular distribution of net metalloproteinase activity resulting from the balance between MMPs and their endogenous inhibitors. Fluorescence intensity was heterogeneously distributed across regions in control lungs with an increasing gradient as follows: alveoli Ͻ submucosa Ͻ blood vessels. The bronchial epithelium and cartilage stained negatively. As illustrated in Fig. 5 , the pattern of in situ zymography differed after resuscitation with 21% O 2 or 100% O 2 . In group A, the levels of fluorescence remained unchanged in alveoli and submucosa compared with baseline lungs, and only a 41% increase was detected in the blood vessels. In group B, a significant increase was detected in both the submucosa (47%) and the blood vessels (50%), whereas no changes were observed in the alveoli. The incubation of sections with the MMP inhibitor phenanthrolene virtually abolished fluorescence in lungs from piglets that were resuscitated with 100% O 2 , indicating that both constitutive and hypoxia/resuscitation-induced fluorescence were indeed the result of net MMP activity on gelatin.
MMP-2 mRNA expression. To elucidate further the mechanism behind the augmented MMP activity in pulmonary tissue, we measured the mRNA expression of MMP-2 by quantitative real-time PCR in groups A and B. Expression of MMP-2 mRNA was increased in the resuscitated groups compared with baseline (MMP-2,18S 14.6 Ϯ 0.8 and MMP-2/18S 9.8 Ϯ 0.7, respectively; p Ͻ 0.001). We were unable to detect significant differences between groups A and B because of large pig-to-pig variations (p ϭ 0.6).
ORAC
Total antioxidant capacity, noted as ORAC values, was measured in pulmonary tissue extracts in baseline piglets and in groups A2 and B2 (Fig. 6) . Compared with baseline (15 Ϯ 1 mol TE/g tissue), the mean ORAC values of tissue from group A (10.3 Ϯ 0.9 mol TE per gram tissue), as well as group B (6.6 Ϯ 0.5 mol TE/g tissue), were significantly reduced (p Ͻ 0.005 and p Ͻ 0.001, respectively). Furthermore, ORAC values were significantly (p ϭ 0.003) reduced in group B compared with group A.
IL-8 LEVEL
Compared with baseline (43.75 Ϯ 5 pg/mL), IL-8 concentration in pulmonary tissue nearly doubled in group A (74 Ϯ 114 pg/mL; p Ͻ 0.05) and nearly tripled in group B (122 Ϯ 18 pg/mL; p Ͻ 0.05; Fig. 7 ). In addition, IL-8 concentration increased nearly 2-fold in group B compared with group A (p Ͻ 0.05).
PULMONARY HISTOLOGY
Only two types of pathologic changes were detected microscopically in conventionally stained slides: capillary congestion and transudation of fluid into the alveolar spaces. In the baseline group, only a light capillary and venous dilation was seen (0.56 on a scale from 0 to 3; see "Methods"; a low degree of congestion regularly occurs post mortem as an agonal phenomenon to death). The level of congestion was not significantly different in the resuscitated groups. However, a low degree of alveolar transudation was present (0.30 on a scale from 0 to 3 in both groups that received 21% and 100% O 2 ). There was no observed effect of different PCO 2 levels. 
HYPEROXIC PULMONARY DAMAGE IN PIGLETS
DISCUSSION
The current study concludes that resuscitation of piglets with 100% O 2 after global hypoxia significantly increases pulmonary MMP and IL-8 levels and reduces endogenous antioxidant capacity, suggesting that these changes are triggered by oxidative stress. This was in contrast to findings in animals that were resuscitated with 21% O 2 . To our knowledge, it has not been previously reported that pulmonary MMP-2 and -9 activity increases more after hypoxia-reoxygenation with 100% O 2 than with 21% O 2 . We recently published similar data from studies of the brain and heart in the applied piglet model (21, 27) . In these studies, we concluded that resuscitation with 100% O 2 subsequent to global hypoxia increases cerebral and myocardial injury compared with resuscitation with 21% O 2 . Increased MMP activity was investigated previously in a hyperoxic piglet pulmonary injury model but only after 72 h of exposure (11) . Hypoxia-reoxygenation injury triggers MMP production earlier than just hyperoxia (28) . We found differences between the groups of resuscitated piglets as early as 2.5 h after resuscitation. It is interesting that these changes occur so early after hypoxia-reoxygenation, placing MMPs upstream in the pathologic cascade that may lead to a pulmonary damage over time. MMP-2 mRNA levels in pulmonary tissue were significantly increased in resuscitated piglets with respect to baseline. However, there were no significant differences in MMP-2 mRNA between the resuscitated groups, suggesting that the changes found in MMP-2 expression occur at the posttranscriptional level. In line with this, similar changes were found in myocardial tissue (27) . In contrast, cerebral MMP-2 mRNA level in this model was significantly higher in piglets that were resuscitated with 100% O 2 com- (21) . Therefore, it is possible that a higher level of O 2 influences different tissues in various ways.
In situ zymography also showed increased gelatinase activity in the piglets that were resuscitated with 100% O 2 compared with 21% O 2 . After resuscitation with 100% O 2 , a significant increase was detected in both submucosa and blood vessels, whereas no changes were observed in the alveoli. This cell-dependent profile of MMP activity may rely on a larger buffering capacity of endogenous MMP inhibitors (i.e. TIMPs) in the alveoli than in other areas of the lung, which is consistent with findings in other studies (10) . It is also conceivable that ORAC capacity differs across cell types, depending on their proximity to an airway and the O 2 concentration that reaches neighboring areas, such as the submucosa. This is supported by the findings in a study that showed increased airway-associated MMP by in situ zymography in a TIMP-3 knockout mice sepsis study (29) . Oxidative stress and excess of free radicals in piglets that are resuscitated with pure O 2 may contribute to activating MMP-2 and possibly pro-MMP-9 and may account for the differences in total MMP activity and the net gelatinolytic activity observed between normoxic and hyperoxic piglets. Indeed, free radicals have previously been reported to induce gene expression of several MMPs and to activate MMPs posttranslationally (30, 31) , even in the absence of pro-peptide cleavage (32) . The ORAC assay provides significant information regarding the antioxidant capacity of various tissue samples. By measuring a broad spectrum of different types of antioxidant activities over a given time span, it represents a relevant in vivo situation (25) . The marked reduction of the ORAC value in piglets that go through resuscitation with 100% O 2 indicates less total antioxidant capacity remaining compared with piglets that are resuscitated with 21% O 2 . We previously published a considerable reduction in cerebral and myocardial ORAC value in piglets that were resuscitated with 100% O 2 compared with 21% O 2 , underscoring the impact of this finding (21, 27) .
In the present study, we found that IL-8 level in pulmonary tissue was doubled in piglets that were resuscitated with 100% O 2 compared with 21% O 2 . This response was presumably induced by O 2 toxicity. In clinical studies, increased levels of proinflammatory cytokines (i.e. IL-8) in BAL fluid correlated with the degree of pulmonary dysfunction and predicted development of chronic lung disease in premature infants (33) . Importantly, IL-8 level is known to regulate NF-B signaling via a redox-sensitive mechanism (34). Therefore, the reduced level of endogenous antioxidant capacity in the 100% O 2 group is consistent with the increased IL-8 level.
The present work cannot tell which O 2 concentration should be used to resuscitate asphyxiated newborn infants. Animal models will always be an approximation to the clinical situation. It is important, however, to give some considerations to species differences in O 2 responses, different biochemical responses, lack of reference values for common functional variables, and different maturation at birth. We used a piglet model because the anatomy and physiology are similar to human (35) , but this model is time consuming and it is expensive to obtain large enough series for satisfactory statistical power. It must be emphasized that the animals in the present work were 12-36 h old and, therefore, to some extent adapted to extrauterine life. Thus, whether our findings can be applied to the resuscitation of asphyxiated newborn infants should be settled through clinical trials.
Resuscitation of asphyxiated newborns with 100% O 2 has been uncritically accepted for many decades; thus, questioning its effectiveness and safety is difficult. Guidelines from the American Heart Association and the American Academy of Pediatrics recommend that pure O 2 should be used during initial newborn resuscitation whenever positive pressure ventilation is required. These guidelines have recently been questioned by us and others (21, 27, 36) . Clinical studies indicate that resuscitation with 21% O 2 compared with 100% O 2 is safe and results in a quicker recovery (36, 37) . Further investigations will be required to determine whether 21% O 2 resuscitation can improve long-term outcomes. It is possible that adjustment of the fraction of inhaled O 2 during resuscitation on the basis of each infant's response, color, and oxyhemoglobin saturation will reduce toxicity to the lungs.
CONCLUSION
In summary, our findings demonstrate that resuscitation of hypoxic piglets with 100% O 2 causes more up-regulation of early markers of pulmonary injury than resuscitation with 21% O 2 . Altogether, these data strongly suggest that caution must be taken when applying pure O 2 to newborn infants. We do not know the optimal oxygen concentration during resuscitation, but our data show that 100% O 2 seems to be too high in the newborn pig.
